Objective-To investigate the role of low serum magnesium as a trigger for atrial fibrillation in patients with a substrate for the arrhythmia (assessed by signal averaged P wave duration). Design-A case-control study. Setting-A regional referral cardiac centre. Patients and interventions-105 consecutive patients undergoing elective coronary artery bypass surgery had signal averaged P wave recordings before operation. Serum electrolytes were analysed preoperatively and on days 1, 2, and 5 after surgery. Main outcome measures-Any episode of electrocardiographically recorded atrial fibrillation was taken as a study end point. Results-Of 102 patients discharged, 27 (26%) had documented episodes of atrial fibrillation at a mean of 2 7 days after surgery. A combination of P wave duration > 155 ms and serum magnesium on the first postoperative day of < 0-7 mmolll had a sensitivity of 75% and specificity of 80% for predicting atrial fibrillation. Duration of hospital stay (7-9 v 6-8 days) was longer in the atrial fibrillation group (P < 0.01). Stepwise regression showed age, serum magnesium < 07 mmoIl on the first postoperative day (both P < 0.001), angiotensin converting enzyme inhibitor withdrawal (P < 0.02), and signal averaged P wave duration (P = 0.04) to be independent predictors. Conclusions-The combination of signal averaged P wave duration and low serum magnesium on the first postoperative day identified the majority of patients with atrial fibrillation after coronary artery bypass surgery. Early identification and pharmacological treatment for selected patients may reduce the incidence of postoperative atrial fibrillation.
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(Heart 1997;77:527-531) Keywords: atrial fibrillation; coronary artery bypass surgery; signal averaging; magnesium Coronary artery bypass surgery is well tolerated and for the majority of patients is free from complications. Among the most commonly encountered postoperative complications is atrial fibrillation. Its incidence has been reported at between 5% and 40% after cardiac surgery.)-6 It occurs in the first week, with a peak incidence on the second postoperative day. In most cases this arrhythmia is benign and self limiting. However, it may result in haemodynamic compromise, thromboemboli, and prolongation of hospital stay.3578 Clinical features which have often been identified as predictors of atrial fibrillation include advancing age and postoperative withdrawal of ,B blocking drugs.34 In addition, prolonged P wave duration on the high resolution electrocardiogram (ECG), indicating delayed atrial conduction,9 and the presence of severe right coronary artery stenosis'0 have been implicated.
Magnesium has been shown to suppress all cardiac arrhythmias after acute myocardial infarction." 12 In addition there are reports that low serum magnesium is associated with perioperative atrial fibrillation," and of magnesium supplementation in the treatment of supraventricular arrhythmias.'4 A study by Parikka and coworkers, however, reported that high plasma magnesium concentrations perioperatively led to a higher incidence of postoperative atrial fibrillation. 15 There are no studies examining the role of magnesium in patients selected on the basis of delayed atrial conduction. In order to assess this, we investigated the role of serum magnesium as a trigger for atrial fibrillation in patients with the arrhythmia substrate, as identified by prolonged P wave conduction on high resolution ECG.
Methods One hundred and five consecutive patients undergoing their first elective coronary artery bypass graft surgery were enrolled over a four month period. We excluded patients in atrial fibrillation or those with a past history of atrial fibrillation, patients on class I or III antiarrhythmic drugs (which cause prolongation of atrial conduction), and patients undergoing valve surgery.
CLINICAL EVALUATION
All patients were nursed initially in the cardiac intensive care unit and then on the cardiothoracic wards until discharge. All were monitored for the first 48 hours on ECG telemetry with a central monitor at the nursing station. A 12-lead ECG was recorded whenever a change in rhythm was seen on the monitor. Nursing observations were performed routinely every four hours and 12-lead ECGs recorded whenever a cardiac dysrhythmia was suspected. Every recorded ECG was reviewed by one of us (AGZ). All patients had routine 12-lead ECGs on days 1, 2, 3, 5, and on the day of discharge. In addition, ECGs were recorded if there was clinical suspicion of a cardiac dysrhythmia.
Any documented episode of atrial fibrillation on a 12-lead ECG was defined as a study end point. The postoperative day when atrial fibrillation started was recorded. Hospital stay was defined as the number of days of inpatient care from the day of surgery. All angiograms were read by an experienced invasive cardiologist.
Preoperative variables recorded were age, sex, medication, presence of critical right coronary artery stenosis (defined as narrowing of the proximal or mid-segment greater than or equal to 70% of lumen diameter), left ventricular hypertrophy (assessed on preoperative ECG), left ventricular ejection fraction (assessed on biplane cine ventriculogram), and P wave duration on the high resolution ECG. Intraoperative variables included operator status, aortic cross clamp time, pump time, use of cardioplegia, and number of grafts. Postoperatively, the total amount of blood transfused was recorded.
BIOCHEMICAL ANALYSES
Serum magnesium and potassium were measured preoperatively and on days 1, 2, and 5 after surgery. Serum magnesium was measured by spectrophotometry using the zylidyl blue method (Synermed, Monitor Bioscience, West Sussex, UK). Serum potassium was measured by ion selective electrode on a Dax 48 analyser (Bayer, Hampshire, UK). The reference range for serum magnesium in our laboratory is 0-7-1 -00 mmol/l.
HIGH RESOLUTION ECG
The method of recording and analysing P wave signal averaged ECG has been described before. 16 All high resolution ECGs were recorded by a qualified cardiac technician. After careful preparation of the skin, silver-silver chioride electrodes were applied in an orthogonal arrangement. The QRS was used as the trigger for the signal averaging process. In order to expose the P wave and PR segment, the fiducial point was shifted to the extreme right of the 300 ms window. A P wave template was manually selected and P wave complexes not matching the template with a 99% correla- tion coefficient were automatically rejected. This ensured that any variation in the P wave complex due to surface noise or to ectopic or autonomic activity was not averaged. The P waves were acquired until a noise end point of < 0 5 ,V. If this required more than 500 beats, the recording was repeated until the criterion was met. A least squares fit filter with a window width of 100 ms (high pass cut off of 29 Hz) was applied for data analysis. The P wave complexes of the X, Y, and Z bipolar leads were combined into a vector magnitude calculated using the root mean square of each lead. The P wave onset and offset were determined manually and P wave duration calculated preoperatively (by AGZ). The onset was defined as the first atrial deflection from the baseline noise level and offset as the return of the atrial signal to baseline or onset of the QRS complex, whichever was earlier. ' Stepwise logistic regression analysis was performed on variables found to be significant predictors with univariate analysis.
The variables considered were age, sex, serum preoperative and postoperative magnesium, potassium and haemoglobin, ,B blocker withdrawal, use of calcium antagonist, angiotensin converting enzyme (ACE) inhibitors and diuretics, critical right artery stenosis, left ventricular ejection fraction, signal averaged P wave duration, aortic cross clamp time, use of cardioplegia, pump time, need for blood transfusion, and status of operator.
A P value of < 0 05 was considered statistically significant.
Results
Of the 105 patients studied, three died before hospital discharge, one from myocardial infarction and two from pump failure. None had documented atrial fibrillation.
Of the remaining 102 patients discharged from hospital, 27 (26%) had episodes of atrial fibrillation recorded on at least one 12-lead ECG. Of these, two reverted to sinus rhythm in less than 24 hours and six were in atrial fibrillation on discharge. Twenty three patients received antiarrhythmic medication and four Hospital stay was longer in the atrial fibrillation group (7-9 v 6-8 days; P < 0O01). Of the other clinical, angiographic, and haemodynamic variables, none was predictive of postoperative atrial fibrillation.
SERUM MAGNESIUM AND POTASSIUM
For the group as a whole, serum magnesium fell on the first postoperative day (from 083 (SD 0O1) to 0-69 (0-1) mmol/l; P < 0.001).
The values increased on the second postoperative day to 0 79 (01) mmol/l and had returned to preoperative levels by day 5 (0-83 (0 1) mmol/l).
When the patients were divided on the basis of atrial fibrillation there was no difference in preoperative magnesium values: 0-82 (0-1) mmol/l in those with atrial fibrillation versus 0-83 (0-1) mmol/l in those without. Postoperatively, however, there was a significant difference between the atrial fibrillation and sinus rhythm groups on the first postoperative (18) ms (P < 0 01). were cardioverted before discharge. Seven patients had missing values for serum magnesium because of haemolysis. None of these patients had recorded atrial fibrillation.
Atrial fibrillation occurred at a mean of 2-7 days (range 1-9) after coronary artery bypass surgery. The clinical characteristics of the patients are compared in table 1.
Of the variables tested by univariate analysis, serum magnesium on the first postoperative day, advancing age, ,3 blocker and ACE inhibitor usage, and P wave duration were associated with atrial fibrillation.
The serum magnesium values, together with the other significant predictors on univariate analysis, are shown in table 2, in which patients are stratified according to the presence of atrial fibrillation. Patients with the arrhythmia were significantly older and had longer P wave duration on the signal averaged ECG. P blocker withdrawal was only marginally significant as a predictor. Surprisingly the withdrawal of preoperative angiotensin-converting enzyme (ACE) inhibition (13 patients) was a stronger predictor of postoperative atrial Stepwise logistic regression was performed for each of the variables that were found to be significant predictors on univariate analysis. This showed that advancing age and hypomagnesaemia on the first postoperative day were the most powerful predictors (both P < 0-001). They were followed in predictive power by withdrawal of ACE inhibitors (P = 0 02) and P wave duration (P = 0-04); /3 blocker withdrawal was no longer significant.
SENSITIVITY AND SPECIFICITY OF P WAVE DURATION AND SERUM MAGNESIUM IN
PREDICTING POSTOPERATIVE ATRIAL
FIBRILLATION
The sensitivity, specificity, and positive predictive accuracy for P wave duration, serum magnesium on day 1, and a combination of the two are presented in table 3. A combination of P wave duration and serum magnesium gave a sensitivity of 75% with a specificity of 80% and positive predictive accuracy of 62%.
Discussion
The extensive literature on the subject of postoperative atrial fibrillation is testament to the increased length of stay and morbidity associated with the phenomenon. Major advances in coronary artery surgery have not been paralleled by a significant decline in postoperative atrial fibrillation, and it is likely that the cause is multifactorial. This study was designed to see if the signal averaged P wave could be used as a marker for patients predisposed to develop atrial fibrillation after routine coronary artery bypass surgery. In addition, we hypothesised that hypomagnesaemia might be an important trigger in patients with this electrophysiological substrate. Our study confirms the high incidence of atrial fibrillation after elective coronary artery bypass surgery (26%). Age and low serum magnesium on the first postoperative day were powerful independent predictors of atrial fibrillation. Age is an important but unmodifiable factor. As anaesthetic and surgical techniques improve, increasing numbers of older patients are being offered coronary artery bypass surgery. It is possible therefore that the incidence reported will increase with time.
Postoperative atrial fibrillation was associated with longer hospital admission. Consistent with other studies, signal averaged P wave duration was also predictive of atrial fibrillation.
A combination of preoperative signal averaged P wave duration and hypomagnesaemia on the first postoperative day improves significantly on previous criteria for patient identification.
Although withdrawal of ,B blockers was associated with atrial fibrillation, this was not an independent predictor. Somewhat surprisingly, the withdrawal of ACE inhibitors was an independent predictor. However, no firm conclusions about this can be drawn, since the use of ACE inhibitors in this patient population was small (1 1%).
SIGNAL AVERAGED P WAVE
Prolongation of the P wave duration has been shown to be associated with both paroxysmal and postoperative atrial fibrillation.9 17 18 Atrial fibrillation is re-entrant in origin, with multiple continuous intra-atrial micro re-entrant circuits (the multiple wavelet hypothesis). '9 One factor that can facilitate this arrhythmia is depressed intra-atrial conduction, which would manifest as lengthening of the P wave recorded on the ECG. The signal averaged ECG can enhance detection of conduction delay within the atria, especially if it occurs late in relatively small portions of the atria.9 In our study the P wave duration measured on the signal averaged ECG was an independent predictor of postoperative atrial fibrillation. It was a more powerful predictor than most other clinical variables but weaker than hypomagnesaemia and age.
A prolonged preoperative P wave duration suggests that patients who develop postoperative atrial fibrillation have an intrinsic atrial electrical abnormality predisposing to this arrhythmia. However, atrial fibrillation had not occurred in these patients before the operation. It is likely therefore that delayed atrial activation is merely a marker for the arrhythmia substrate. Hypomagnesaemia or other stresses resulting from the operation may act as a trigger for the arrhythmia.
POSTOPERATIVE HYPOMAGNESAEMIA
The role of magnesium as a trigger for cardiac arrhythmias is well established. Most studies have been conducted in the setting of an acute myocardial infarction,"1 12 and magnesium replacement has been shown to reduce the incidence of arrhythmias in this setting.
Our finding of a fall in serum magnesium after coronary artery bypass surgery confirms the results of Bunton's retrospective study of 200 patients.20 As with our prospective study, serum magnesium levels fell to a minimum on the first postoperative day, returning to their preoperative levels by the fourth day.
Vejlsted and Eliasen also reported postoperative hypomagnesaemia in a study with a smaller patient sample.21 Neither of these studies, however, examined the correlation between a fall in serum magnesium and postoperative complications or arrhythmias. There is evidence, however, of a reduction in the incidence of atrial fibrillation after coronary bypass surgery following magnesium replacement in an unselected group.2223
Haemodilution, the use of diuretics, secondary hyperaldosteronism, and increased anabolic activity have been suggested as possible causes for the decline in serum magnesium after cardiac surgery. 18 Hypomagnesaemia is also seen under conditions of acute stress and may be a result of enhanced sympathetic activity.24 25 There is experimental evidence for sequestration of magnesium in adipose tissue,26 but no evidence for an acute intracellular shift27 or increased urinary excretion of magnesium.'822
Although the positive predictive value of hypomagnesaemia was poor, when combined with P wave duration the specificity and positive predictive value were significantly better. This improvement may in part be due to the fact that, whereas a prolonged P wave identifies patients with the arrhythmia substrate, low serum magnesium identifies patients with one possible trigger for this arrhythmia.
A study by Parikka and co-workers'5 found that giving magnesium replacement to an unselected group did not reduce the incidence of postoperative atrial fibrillation. This is consistent with our study, which shows that serum magnesium alone has low specificity and positive predictive value. It is only in combination with signal averaged P wave duration that one can select a majority of patients who will develop the arrhythmia. Further work is required to look at the role of magnesium supplementation in patients selected on the basis of the above two variables.
Low serum potassium is often found in association with hypomagnesaemia and is known to be arrhythmogenic.28 In our study, however, serum potassium did not fall significantly after operation and there was no difference in potassium concentrations between the two groups.
POTENTIAL MECHANISMS FOR POSTOPERATIVE ATRIAL FIBRILLATION
The mechanism by which low serum magnesium may predispose to atrial fibrillation is unclear. Low magnesium perfusion has been shown to shorten the action potential duration and effective refractory period in rabbit ventricular muscle. 
